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The vertical pullout resistance of buried anchors subjected to 
dynamic loading was investigated by means of a laboratory model study. 
A dry uniformly graded ~~nd~ compacted by vibration to 92% of its 
relative density, was used as the test medium. Tests were performed in 
a 24-inch square tank using 3.0 and 5.0-inch diameter half and full-
anchors. The anchors were tested at depths ranging from 5.0 to 21.0 
inches. 
It was assumed that the dynamic failure mechanism of earth 
anchors was the same as the static failure mode, and not distinct 
behavior. Thus static tests, i.e., tests using a constant strain 
rate, were performed to confirm this assumption. Static test 
results were also used to proportionately preload anchors prior to 
the application of dynamic loading. 
Emphasis was placed on determining the geometry of the breaking-
out mass of sand under both static and dynamic loading. This was 
accomplished by stressing half-anchors which were embedded in sand 
against the plexiglass window of the test box. Still pictures and 
high-speed movies were used to record failure surface development. 
Comparison of the failure surface profiles for static and dynamic 
loading revealed no discernible difference. A difference was noted 
however, between shallow and deep anchor profiles. The shape of the 
failure surface for shallow anchors could be approximately by a 
truncated cone with an apex angle equal to the friction angle of the 
sand. Deep anchor failure surfaces were generally indistinct. 
Consequently further analysis was limited to shallow anchor 
behavior. 
iii 
A method for predicting static uplift resistance was derived 
based on the weight of the anchor and sand within the failure surface, 
and the shear resistance along the surface of the uplifted sand mass. 
Dynamic pullout resistance was found to be greater than static 
resistance. It was theorized that this additional resistance was due 
to the inertial forces and increased shear resistance developed under 
accelerated strain rates. An expression for dynamic capacity was 
derived by modifying the static expression to include these factors. 
Comparison of the measured results from a number of model and full-
scale studies with the results predicted by the expressions derived 
in this study, generally showed agreement within 10%. 
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I. INTRODUCTION 
Foundation systems which provide resistance to tensile forces 
are finding increasingly wider utilization in construction and 
industry. Earth anchors of various description are generally used to 
satisfy this demand. A typical construction application arises in 
deep excavations where conventional bracing would restrict working 
space. Here anchors are used to secure retaining walls and furnish 
uncluttered work areas. Earth anchors are also used to provide 
overturning and uplift resistance for communication and transmission 
towers, mobile homes, ocean structures, etc. Because of their 
extensive use, anchors warrant design methods which insure safe, 
economical service. 
Generally, the most critical forces acting on structures secured 
by earth anchors are dynamic in nature, such as gusting winds or 
wave action. Yet for the most part, previous anchor research has 
been concerned with static loading. And while there are a variety 
of theories available for predicting the static pullout resistance 
of an anchor, a method of solving for dynamic pullout resistance 
has not been advanced. 
The major emphasis of this investigation has been directed 
toward providing a rational approach for determining the dynamic 
vertical uplift capacity of anchors buried in sand. A model study 
was used to provide the experimental results necessary for an 
analysis. At the beginning of the study is was assumed that the 
dynamic failure mechanism of earth anchors is an extension of the 
static failure mode, and not distinct behavior. In order to verify 
that supposition, static testing was also performed to provide a 
basis for comparison. 
Delineation of the failure surface is of primary importance 
2 
to the comparison of static and dynamic failure modes, and funda-
mental to the development of a theoretical relationship for predicting 
anchor capacity. Half-anchors were used in semi-spatial tests to 
identify the failure surface geometries of statically and dynamically 
loaded anchors over a range of embedment depths. Full-anchors were 
then used to provide the necessary numerical data. 
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II. LITERATURE REVIEW 
A. GENERAL 
In the last two decades much attention has been devoted to the 
uplift load analysis of earth anchors. Varying approaches and degrees 
of sophistication have been used in the development of theoretical 
solutions, but almost exclusively this research has been concerned with 
static loading. These approaches to the anlaysis of the static uplift 
resistance of anchors can be separated into the following fundamental 
categories based on the shape of the proposed failure surface: 
1) Soil Cone Analyses 
2) Friction Cylinder Analyses 
3) Curved Failure Surface Analyses 
4) Empirical Analyses 
Researchers using the first two methods of analysis assumed 
arbitrary failure surface configurations, while those employing the 
third approach relied on model studies to describe the shape of the 
failure surface. Still others used experimentation to derive empirical 
relationships concerning anchor capacity. The findings of Hillhouse 
(12) on the behavior of anchors subjected to dynamic loading are also 
included under the fourth heading. 
B. SOIL CONE ANALYSES 
Originally developed by Mors (1957), the soil cone method is 
perhaps the simplest technique available to calculate anchor uplift 
resistance. According to Balla (4), the shape of the failure surface 
is assumed to be a truncated cone extending above the anchor plate to 
the ground surface with an apex angle of (90° + ~), as shown in 
4 
Figure la: where ¢ is equal to the friction angle of the soil. Anchor 
pullout capacity is taken as the weight of the anchor and the soil 
mass within the cone. 
Other researchers relying on this approach have assumed different 
shapes for the soil cone. Turner (25) illustrated one such failure 
surface geometry, which had been widely used to predict the uplift 
capacity of underream footings for transmission line towers. The 
truncated cone extended upward from the periphery of the footing bell 
to the ground surface with an apex angle of 60°, as in Figure lb. 
Downs and Chieurzzi (8) mentioned a similar variation, also popular 
with the power industry, where the apex angle of the truncated cone is 
equal to 2¢. 
Regardless of the geometry of the failure surface, those employing 
the soil cone method ignored the shear resistance of the soil along the 
slip surface. Downs and Chieurzzi (8) offered some justification for 
this. They speculated that because of progressive failure, the shearing 
strain near the anchor necessary for full shear strength mobilization 
near the ground surface may be great enough to remold the soil along 
the failure surface, and thus allow its reduced shear strength con-
tribution to be ignored. Ireland (14) surmised that the widespread 
use of this method stemmed from concern over the ability to obtain 
representative strength parameters for the soil around an anchor, due 
to its disturbance during anchor placement, or uncontrolled backfilling. 
However, he discounted the soil cone method on the ,basis that anchor 
installation usually causes planes of weakness along the wides of the 






(a) SOIL CONE METHOD (MORS) 
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(b) SOIL CONE METHOD (TURNER) 
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(c) FRICTION CYLINDER METHOD 
Fi gur e 1. Ear ly Methods for Calculat ing Uplift Capacity 
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Balla (4) also disapproved of the soil cone method because of the 
arbitrary selection of the failure surface and the neglect of the 
shearing resistance on the sliding surface. 
C. FRICTION CYLINDER ANALYSES 
Early work in the field of anchor pullout capacity was done by 
Majer (1955). Majer's analysis was based on the assumption that the 
breaking-out mass of soil is in the form of a cylinder of the same 
diameter as the anchor plate. The ultimate uplift resistance is then 
equal to the dead weight of the anchor and the soil within the cylinder, 
plus the shearing resistance along the surface of the cylinder , as in 
Figure lc. 
Balla (4) disagreed with Majer's approach because the assumed 
failure surface did not conform with experience and the method used 
to determine the shear resistance was suspect. Teng (24) commented 
that the method may yield a 'minimum theoretical uplift', but would 
therefore in many cases result in an uneconomical design. 
Although Ireland (14) endorsed the friction cylinder method, he 
stressed that a conservative approach should be taken in the selection 
of the soil strength parameters. He reasoned that the soil near an 
anchor is usually disturbed because of anchor placement procedures or 
uncontrolled backfilling , and therefore its strength would bear little 
resemblance to that approximated by tests in advance of construction. 
Since it was Ireland ' s experience that backfills are usually granular, 
he derived Equation (1) for the uplift resistance of footings embedded 
in cohesionless soils . 
Q • 1/2 ny'H2Dk tan~ + W + W 
s o a s 
(1) 
where 
y' = effective unit weight of soil 
H = anchor depth 
D = anchor diameter 
k = coefficient of lateral earth pressure 
0 
W = anchor weight 
a 
W = weight of soil within the failure surface 
s 
For granular backfills, Ireland prescribed an angle of internal 
friction of 30° and a coefficient of lateral earth pressure of 0.5. 
For silts and clays, he recommended a ¢ of 20° and a k of 0.4. He 
0 
did not consider soil cohesion. 
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Adams and Hayes (1) performed a series of model tests to investi-
gate the uplift characteristics of anchors. Model anchors up to 4.0 
inches in diameter were buried from 1 to about 10 inches in uniform 
and well-graded sands in both a loose and a dense condition. These 
tests generally showed that in dense sand the uplift resistance in-
creases geometrically with depth of embedment, while in loose sand the 
increase is approximately linear and much less. Pullout capacities 
were also shown to be much greater in well-graded, rather than uniform, 
sand. 
Failure surface development was observed by taking time exposure 
photography of half-anchors up against a glass plate and embedded in 
both dense and loose uniform sand. For shallow anchors in dense sand, 
the slip surface extended in a shallow arc from the outer edge of the 
anchor to the ground surface. At greater depths the slip surface 
became less distinct; curving outward initially and then extending 
8 
vertically to the ground surface. In loose sand, at shallow depths, 
the failure surface extended vertically to ground level. The failure 
surface was essentially vertical for anchors at greater depths in 
loose sand, but extended upward only a short distance. 
Contrary to their observations, Adams and Hayes based their 
expression for anchor uplift capacity on the friction cylinder tech-
nique. The equation they derived was substantially the same as 
Ireland's, except instead of using a lateral earth pressure coefficient, 
they developed an uplift coefficient contingent on relative depth, 
H/D. 
Meyerhof and Adams (20) acknowledged the curved nature of a 
circular anchor's failure surface, but made simplifying assumptions about 
the conditions of failure and used the friction cylinder approach. 
They also recognized that anchor behavior is dependent on the depth 
of embedment. According to Meyerhof and Adams, the failure surface 
for shallow anchors intersects the ground surface, but for increasing 
depths of embedment, compressibility and deformation of the soil above 
the anchor prevent the failure surface from reaching ground level. 
The soil above this local shear failure is assumed to act as surcharge 
pressure. The extent of the local shear failure for deep anchors 
is given in reference (20) as a function of the angle of internal 
friction of the soil and the diameter of the anchor. Semi-theoretical 
equations were derived to predict the pullout capacity of shallow and 
deep anchors. Equation (2) was developed for shallow anchors and 
Equation (3) for deep anchors. 
2 Qs = cDH + 1/2 (srryDH Ku tan$) + Wa + W8 (2) 
where 
cDH + 1/2 [srryD (2H-h) Ku tan~] + W + W 
a s 
c = unit cohesion of soil 
(3) 
s = shape factor governing the passive earth pressure on a 
convex cylindrical wall 
= unit weight of soil 
K = nominal uplift coefficient of earth pressure on vertical 
u 
plane through footing edge 
h = height failure surface extends vertically above anchor 
plate; less than anchor depth, H 
D. CURVED FAILURE SURFACE ANALYSES 
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According to Vesic (26), modern research on anchor uplift capacity 
began with a paper by Balla (4). He analyzed the shape of the observed 
failure surface of shallow anchors in dense sand, and then proposed 
a rational method for determining their pullout capacity based on a 
mathematical expression for the slip surface. Balla conducted a 
series of semi-spatial model tests similar to those performed by Adams 
and Hayes (1), except that layers of dyed sand were used to delineate 
the shape of the failure surface. From these tests it was demonstrated 
that a single slip surface formed, curving outward from the edge of 
the anchor to the ground surface. This same observation was also made 
in a series of spatial tests in wet sand. Similar results were later 
reported by Kananyan (15) for model tests in loose sand. Balla 
represented the meridian section of the sliding surface by circular 
arcs, curving outward from a vertical tangent at the edge of the 
anchor plate to intersect the ground surface at an angle of 
(45°- ~/2), Figure 2. 
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An anchor's uplift resistance was considered to be composed of 
its dead weight, the weight of the soil within the failure surface, 
and the shearing resistance along the sliding surface. Balla used 
Kotter's equation to evaluate the shearing resistance developed along 
the sliding surface during anchor pullout. His expression for the 
ultimate uplift capacity of a circular plate anchor having a relative 
depth, H/D ~ 4, is given by Equation (4). 
where 
Qs = H3y (Fl (~, H/D) + c/yH • F2 (~, H/D) 
+ F3 (~, H/D)] + G (4) 
G = product of the volume of the anchor and the difference 
in unit weight of concrete and soil 
F1 , F2, F3 are complex functions of ~ and H/D, which are presented 
graphically in reference (4) 
Balla's theoretical analysis was reasonably well correlated with 
the results of his model anchor and shallow field anchor tests. 
The model and field studies of Baker and Kondner (3) also support 
Balla's analysis. However, Baker and Kondner emphasized that for 
relative depths, H/D > 6, Balla's method yields a pullout capacity 
greater than that actually developed. 
Mariupol'skii (18) recognized a difference in behavior between 
shallow and deep anchors during pullout, and proposed separate analysis 
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Figure 2. Balla's Method for Calculating Uplift Capacity 
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mechanism for shallow plate anchors commences with compression of the 
soil above the anchor as extraction begins. This compression occurs 
within a column of soil of the same diameter as the anchor, and its 
intensity gradually diminishes towards the ground surface. The initial 
forces resisting uplift are then the dead weight of the anchor 
and soil column, and the friction and cohesion along the surface of 
the column. As pullout progresses, continued compaction of the soil 
leads to an increase in the vertical compressive stresses, and thus 
to an increase in friction along the surface of the soil column. Under 
the effect of the increasing frictional forces, adjacent rings of 
earth are entrained. Eventually sufficient tensile stresses are 
developed so that failure occurs with the separation of the soil in 
the form of a cone with a curvilinear generatrix, as in Figure 3a. 
The ultimate uplift capacity of a shallow anchor was considered 
to be composed of the weight of the anchor, the weight of the circular 
column of soil above the anchor plate, the weight of the conical part 
of the entrained earth, and the total cohesive force to failure along 
the lateral surface of the separation cone. Mariupol'skii derived an 
expression for the shape of the separation cone in reference (18), 
and presented Equation (5) for the ultimate pullout capacity of 
shallow anchors. 





(a) SHALLOW ANCHOR BEHAVIOR 
Os 
(b) DEEP ANCHOR BEHAVIOR 





d = shaft diameter 
n = parameter depending on ~' which is plotted in reference (18) 
For deep anchors, Mariupol'skii assumed that upon reaching the 
limiting condition, the work that is expended raising an anchor a 
given distance, S, is equivalent to the work required to expand a 
cylindrical cavity with height, S, and diameter, d, to a diameter, D, 
as in Figure 3b. Equation (6) was then derived for the ultimate 
uplift resistance of deep anchors. 
where 
2 2 Q = W + ~q (D -d ) + C ~dl 
s a 2 (2-tan~) a (6) 
q = radial pressure under which the cavity expanded; a method 
of solution for which is presented in reference (18) 
C = frictional resistance of soil along lateral surface, as 
a 
for a deep pile 
1 = effective length of anchor stem = H-(D-d) 
Since Mariupol'skii was unable to establish criteria for dis-
tinguishing between deep and shallow anchor behavior, he recommended 
that the lower value obtained from Equation (5) and (6) be used for 
design. His theoretical computations showed reasonable agreement with 
the field and model anchor results reported by Kananyan (15). 
Based on his study of cratering by explosives, Vesic (26) proposed 
a theory dealing with the expansion of a spherical cavity near the 
surface of a semi-infinite, homogeneous, isotropic solid. According 
to Vesic, if the cavity is close enough to the ground surface, a 
15 
point explosive charge will shear away the soil above a cavity of 
radius, R1 , whose value is a function of the explosive charge, 
Figure 4. 
In order to solve this axically symmetric problem, it was assumed 
that the normal and shear stress distributions and the statically 
correct angles along the slip surface were equivalent to those in the 
corresponding two-dimensional problem. The slip surface is assumed 
to be formed by the revolution of a circular arc, tangent to the cavity 
perimeter, about the axis of symmetry; as was the case in Balla's 
method. Equilibrium of the ruptured mass gives the ultimate cavity 
pressure (q) in the form of Equation 7. 
where 
q = cF + yzFq 
c 
z = depth of cavity below surface 
(7) 
F , F are cavity breakthrough factors evaluated and presented in 
c q 
tabular form by Bhatnagor (5) 
According to Ali (2), this approach can be applied to the pullout 
of a shallow anchor plate, by assuming the anchor has a radius R1 , and 
that the pullout capacity is equal to the cavity pressure, q. This 
method was used to analyze the experimental results of shallow and 
deep model anchors tested in sands and soft clays by Esquivel-Diaz (9) 
and Bhatnagar (5), but the correlation of experimental and theoretical 
results was not consistent (Saeedy (21)). 
It was Vesic's observation that the delineation between shallow 
and deep anchor behavior is dependent on the relative density of the 
16 
Figure 4. Expansion of a Spherical Cavity Close to the Surface 
(Vesic) 
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soil. Shallow anchor behavior was discerned in dense soils for rela-
tive depths, H/D, as large as 10; while in loose soils the distinction 
between shallow and deep anchor behavior occurred at an H/D of 2. 
Saeedy (21) arrived at a method for determingin the ultimate 
pullout capacity of circular plate anchors based on experimental obser-
vations, and theories related to stress distribution in a semi-infinite 
solid media. The ultimate pullout capacity was assumed to be composed 
of the dead-weight of the anchor and displaced soil, and the searing 
resistance of the soil along a failure surface approximated by a 
logarithmic spiral curve. The curve originates with a vertical tangent 
at the edge of the anchor plate, and then curves outwardly to intersect 
the ground surface at an angle of (45°- ¢/2), as in Figure 5. 
Saeedy's laboratory investigation consisted of a series of model 
studies conducted in both wet and dry dense uniform sand. Circular 
plate anchors of 2.0, 3.0, and 2.5-inch diameters were embedded at 
relative depths, H/D, ranging from 2.0 to 14.0, and subjected to static 
pullout to failure. Bulging of the soil was only noticed for H/D S 4.0; 
for higher values of H/D the surface of the soil did not change during 
the test. According to Saeedy, the most probable explanation for this 
behavior is that the ultimate load of shallow anchors corresponds to 
a general shear failure, where as that of deep anchors corresponds to a 
local shear failure. Compressibility, deformation, and possibly flow 
of the soil around deeply buried anchors prevent the rupture surface 
from propagating to ground level. 
From a plot of relative depth versus pullout capacity, it was 











increasing; indicating that the entire mass of soil above an anchor is 
contributing directly to its capability for resisting load. However, 
for H/D > 6, the gain in load resistance per unit of increase in rela-
tive depth steadily diminished. The load capacity tended toward a 
constant value that could not be increased by deeper anchor embedment. 
Saeedy concluded that anchors should not be buried deeper than a rela-
tive depth of 6.0 if they are to be economical. 
In order to provide a general solution for determination of the 
ultimate pullout capacity of earth anchors, Saeedy utilized the 
method of similitude to develop a non-dimensional family of curves. 
These curves relate relative depth (H/D), to a force ratio (F1), which 
is a function of anchor geometry and soil strength parameters. These 
curves are then used in a trial and error procedure to determine an 
anchor's ultimate uplift resistance. 
Good correlation is shown between Saeedy's theoretical and 
experimental results, and the results presented by Balla (4). But 
his estimates do not coincide well with those given by Vesic (26) 
and Esquivel-Diaz (9). 
E. EMPIRICAL ANALYSES 
Baker and Kondner (3) used an empirical approach in studying 
model anchor tests in an effort to more clearly define the relation-
ship between relative depth, H/D, and pullout capacity. Their tests 
were conducted in dense uniform sand over the general range of relative 
depths (1 ~ H/D ~ 21) found in field applications of earth anchors. 
During the shallow tests (H/D < 6), a definite failure circle developed 
on the surface of the sand, however during the deep tests (H/D ~ 6), 
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only a slight rise in the surface of the sand near the tie-rod was 
observed. This criteria was applied to differentiate between shallow 
and deep anchor behavior. 
Using a two-dimensional method to observe failure surface geometry, 
Baker and Kondner reported that a failure surface profile similar to the 
one described by Balla (4), developed only for shallow anchors, or for 
deep ancohrs which had been pulled near the surface and were acting as 
'shallow' anchors. 
By plotting parameters derived by dimensional analysis, Baker and 
Kondner developed Equations (8) and (9) to predict shallow and deep 




t = anchor plate thickness 
c1 , c2 , c3 , c4 are empirical constants that depend on ¢ and the 
relative density, Dr 
Application of Equations (8) and (9) is limited, since the constants 
c1 , c2 , c3, c4 must be empirically established for each set of ¢ and 
D values. 
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The research performed by Turner (25) was primarily concerned 
with the evaluation of the uplift resistance of underream type 
footings, Figure lb. A program of both laboratory and field testing 
was conducted to define the empirical relationships between uplift 
resistance, footing dimensions, and soil properties for shallow and 
deep anchors. 
In the laboratory phase of the study, circular plates with 
vertical tie-rods were used to simulate the underream footings. The 
models were tested in soils with shear strengths ranging from 0.7 tsf 
to 4.8 tsf, and at relative depths, H/D, from 0.66 to 5.0. 
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The field tests were conducted at relative depths, H/D, no greater 
than 2.0, in soils normally encountered in the Gulf Coast area. 
From a plot of relative depth, H/D, versus the ratio of ground 
surface to anchor movement, Turner noted a change in failure conditions 
at a relative depth of 1.5. At H/D ratios greater than 1.5, final 
ground surface displacements were relatively low. He interpreted this 
to mean that the failure surface at maximum anchor uplift resistance 
was confined to a depth less than the footing depth, and was therefore 
independent of depth. Turner thus considered anchors with H/D ratios 
greater than 1.5 as deep anchors, and those with H/D ratios less than 
1.5 as shallow anchors. 
Since the results of Turner's laboratory and field testing pro-
gram did not correlate well with existing failure theories, and 
because he had made no effort to determine failure surface configura-
tions, he was forced to use an empirical approach in the analysis of 
his data. Turner concluded that uplift resistance was a function of 
anchor dimensions, embedment depth, and soil strength. He proposed 
separate empirical relationships based on these factors for shallow 
and deep anchor behavior. Equation (10) was derived for shallow 
anchors (H/D ~ 1.5), and Equation (11) was developed for deep anchors 





C = design shear strength 
D = underream diameter 
For relative depths, H/D, approaching 1.5, Turner suggested that 
an anchor's uplift capacity be regarded as the lesser of the values 
obtained by Equations (10) and (11). 
The uplift capacities of shallow anchors computed by Equation (10) 
were less than those determined by the soil cone method and greater 
than those calculated by the friction cylinder method. For deep 
anchors, the results given by Equation (11) were less than those 
obtained by both the soil cone and friction cylinder methods. 
Hillhouse (12) studied anchor behavior under the application of 
dynamic loads. Model tests were conducted on plate anchors 3.0 and 5.0 
inches in diameter buried at depths of 13.0, 17.0, and 21.0 inches in a 
dense uniform sand. Anchors were initially statically tested to failure 
to determine their static pullout capacity under the experimental 
setup used. During the dynamic phase of the testing, anchors were 
prestressed to various percentages of their ultimate static resistance 
before being subjected to dynamic loading. Sinusoidally varying 
dynamic loads were then applied by means of a cyclic loading device for 
a period of about one minute or until one inch of anchor movement had 
occurred. 
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Although Hillhouse did not propose a method for predicting 
dynamic uplift resistance, he made several fundamental observations about 
anchor behavior under dynamic loading. Of primary importance was the 
fact that dynamic load resistance was shown to be greater than static 
load resistance. Beyond this Hillhouse concluded that the dynamic 
resistance of an anchor is dependent on the magnitude of the statically 
applied prestress load, i.e., the greater the initial prestress, the 
greater the dynamic resistance. However, it was demonstrated that 
smaller prestress loads resulted in larger dynamic load increases. 
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III. TEST MEDIA, EQUIPMENT, AND INSTRUMENTATION 
A. PROPERTIES OF THE SAND USED IN THE TESTING PROGRAM 
The medium in which all tests were performed in this investigation 
was an air-dry mortar sand. The sand was obtained near Sullivan, 
Missouri, and processed by Hillhouse (12). A mechanical analysis of 
the sand revealed a coefficient of uniformity (Cu) of 1.39 and a 
coefficient of skew (Cz) of 0.82; placing the sand in an SP classifica-
tion according to the Unified Classification System. The grain size 
distribution curve, as determined by Hillhouse, is shown in Figure 6. 
Microscopic examination showed the sand grains to be subrounded to 
rounded. 
Specific gravity, minimum and maximum densities, and strength 
parameters of the sand were also investigated by Hillhouse (12). The 
sand's specific gravity was found to be 2.64. An average minimum 
density of 88 pcf, and an average maximum density of 108 pcf were 
determined using standard testing techniques. 
The average in-place density of the sand was computed by 
measuring the volume of sand, placed according to established testing 
procedure into the testing container, and then weighing the container 
and sand together. Although the method of placing the sand in this 
investigation differed with the placement procedure used by 
Hillhouse (12), the same average density of 106 pcf (corresponding 
to a relative density of 92%) was obtained. Thus, the angle of 
internal friction (~) determined by Hillhouse at this density 
using a direct shear device, was applicable to this investigation. 
The friction angle was 41° as shown by the results of the direct 
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shear testing in Figure 7. The angle of repose for the sand was 
shown to be 31°. Further discussion of the procedures used to deter-
mine the characteristics of the test sand can be found in reference 
(12). 
Several pounds of the test sand were dyed black for use as 
marker layers in the half-anchor tests. Care was taken to make sure 
that the sand was completely air-dried before use. 
B. TESTING CONTAINER 
For testing purposes, the sand was loaded into a steel box 
measuring 24 x 24 inches in cross section and 27 inches deep, 
Figure 8. The box was fabricated out of 1/4-inch steel plates welded 
together on three sides and to a base-plate . Additional stiffness 
was supplied by 4 x 4 x 1/4-inch angle iron welded to the outside 
of the four vertical corners. A 1 .0-inch thick plexiglass plate was 
bolted to the flanges of the angle iron on the fourth side of the box . 
The plexiglass provided a window through which to view the half-anchor 
tests. In order to reference anchor and sand movement, a 1.0 x 1.0-
inch grid was inscribed on the outside of the plexiglass plate. The 
metal surfaces of the inside of the box were sprayed with a teflon 
coating to reduce any friction occurring between the sand grains and 
the steel surfaces. One-inch vertical increments were marked on the 
inside sides of the box to insure that the sand was placed in one-inch 
lifts. The testing container was placed on an aluminum dollie to aid 
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The earth anchors tested in this investigation were described by 
Balla (4) as mushroom foundations, and consisted of flat circular and 
semi-circular plates connected at their centroids by relatively thin 
cylindrical tie rods. The full and half-anchor plates were cut from 
1/8-inch steel plate into 3.0-inch and 5.0-inch diameter sizes. 
A 1/4-inch diameter steel rod was welded perpendicular to the centroid 
of each anchor. One-half inch of the free end of each tie rod was 
threaded for connection to the load cell. 
D. APPARATUS FOR LOADING AND COMPACTING SAND 
A pair of frames was constructed to facilitate placement of the 
sand in uniform, level, one-inch lifts, Figure 9. The frames con-
sisted of 24-inch lengths of 1 x 1 x 1/16-inch aluminum angle 
riveted perpendicularly to two riser strips. Cross bracing was 
added to insure that the frames remained square. One-inch markings 
were placed on the riser strips to allow alignment with the incre-
ments marked on the sides of the testing box. Four small C-clamps 
were used to secure the frames to the sides of the box during loading 
and leveling of the sand. A small glass funnel with a 1/8-inch 
diameter opening was used to place the dyed indicator sand used in 
the half-anchor tests. 
Compaction of the sand was accomplished by means of a vibrator 
plate, Figure 10. The plate was made of 3/4-inch particle board, cut 
into a 23.5-inch square. At the center on two opposite edges of the 
plate, slots were cut to accommodate the shafts of the half-anchors 
when they were in place against the plexiglass. A slot was also cut 
(,.) 
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Figure 10. Vibrator Plate and Interval Timer 
in the center of the plate to accommodate the shafts of the full 
anchors. Foam cushion weather stripping was glued to the edges of 
the particle board; not only to provide a close fit and prevent sand 
from "blowing out" during vibration, but also to help insulate the 
sides of the testing box from vibrations. An electric vibrator 
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motor was bolted to the plate in two different positions. The vibra-
tor was bolted to the plate at the center for half-anchor tests, and 
just off-center for full-anchor tests, as shown in Figure 10. The 
vibrator motor was rated at 1/10 h.p. and produced 10,000 vibrations 
per minute, delivering 100 pounds of impact to the plate. Four 
weights were added near the corners of the vibrator plate for 
additional surcharge, and handles were added for ease of movement. 
The total weight of the vibrator plate apparatus was 19.4 pounds. 
In order to provide a more reproducible compactive effort for 
each lift of sand, the vibrator motor was connected to an interval 
timer. The timer was set for one minute; at the end of which time 
the vibrator was automatically shut off. 
E. LOADING SYSTEM 
Loads were transferred to the anchors by means of a steel 
aircraft cable which passed over pulleys bolted atop a loading frame, 
Figure 11. The frame was constructed of perforated angle iron and 
bolted securely to the concrete floor. 
Static loads were applied to the anchors by means of a calibrated 
turnbuckle coupled into the loading cable, Figure 12. Dynamic 
loading was accomplished by means of a cyclic loading device, Figure 12. 
The cyclic loader was composed of a high starting torque electric motor 
Figure 11. Loading Frame with Testing Box Positioned for Testing 
w 
w 
Figure 12. Cyclic Loading Device and Turnbuckle 
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which turned an adjustable eccentric head, and a mechanism for convert-
ing rotational motion into linear motion. Linear movement was 
transferr ed from a piston through the loading cable to the anchors . 
A swivel was inserted into the loading system, Figure 13, to allow the 
cable to twist freely, and prevent a torsional load from being applied 
to the anchors. 
F. INSTRUMENTATION AND DATA RECORDING 
Load cells of 500 and 1000- pound capacity were used to measure 
the pull exerted by the loading system on the anchors. Calibration 
of both load cells was accomplished with a Tinius Olson Testing 
Machine before beginning the testing program, but a check was made for 
zero shift prior to each pullout test . The load cells were connect ed 
directly to the anchor shafts and to the loading cable as shown in 
Figure 13. Output from the load cells was monitored with a Honeywell 
Gage Control Module connected to an Accudata 104 DC Amplifier. 
Anchor dis.placement was measured with a Linear Variable 
Differential Tr ansformer (LVDT) having a range of 4.0 inches. The 
LVDT was held in place, with its plunger resting on top of the load 
cell , by a frame clamped to the side of the testing box, Figure 13. 
Before each test the LVDT was aligned vertically, and then calibrated 
with a cylinder of known height. 
Both static and dynamic test results were plotted by a Houston 
Model 2000 X-Y Recorder. Anchor pullout resistance was plotted along 
the ordinate, and vertical anchor deflection along the abcissa. 
In addition, pullout resistance ver sus time was recorded by a 
Technirite High Speed Strip Char t Recorder for the dynamic tests. 
F~gure 13. Swivel, Load Cell, and LVDT 
rositioned for Testing 
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Anchor and soil acceleration associated with the dynamic phase 
of the testing were measured with a PCB Piezotronics Accelerometer, 
Model 302A. This accelerometer has a range of 0 to 500 g and a 
resolution of 0.02 g. The accelerometer was connected to the X-Y 
recorded for data recording . 
G. PHOTOGRAPHIC EQUIPMENT 
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During the half-anchor tests , cameras were used to record move-
ments of the sand . Still photographs were taken with a 35 mm Honeywell 
Pentax Spotmatic single lens reflex camera . The camera was mounted with 
a Soligor zoom telephoto lens having a focal length range of 90 mm to 
230 mm. The camera was loaded with high speed (ASA 400) black-and-
white film . A remote shutter release was used to enable the author 
to perform other functions during the filming sequence. 
High- speed photography was utilized to capture the motion of the 
sand during the dynamic half-anchor tests. This was accomplished 
with a 8 mm Minolta Autopak- 8 DlO movie camera taking 50 frames per 
second . This camera had a zoom lens with a focal length range of 7 mm 
to 70 mm. Ordinary indoor/outdoor (ASA 40) color movie film cartridges 
were required . A remote shutter release was also used to operate this 
camera . 
In order to provide adequate lighting, four high-intensity quartz 
filament l amps were arranged to provide balanced light intensity on 
the plexiglass surface. 
Both cameras were mount4d on tripods during operation, and placed 
back about 20 feet f r om t he testing box so as to reduce parallax . 
Developed movie film was viewed on a Kodak Ektagraphic MFS-8 projector. 
This projector had a multispeed viewing capability in the forward and 




A. PLACEMENT OF SAND AND ANCHORS 
The sand was loaded and compacted in the testing container in a 
series of one-inch lifts. The height of the lifts was controlled by 
the aluminum frames. The frames were lowered into the testing box on 
opposite sides and clamped at the desired level by aligning the marks 
on the riser straps of the frames with the marks on the inside sides 
of the box. Approximately a one-inch layer of sand was then carefully 
poured into the box up to about the level of the angle sections of the 
frames. A straight edge was used to screen off the excess sand, or to 
delineate depressions where additional sand was required, as shown in 
Figure 14. After the surface of the sand was leveled, the aluminum 
frames were removed and the vibrator plate, with the motor bolted in 
the center position, was lowered into place on the sand. The interval 
timer was then switched on, activating the vibrator for a period of 
one minute. After which time the plate was removed, and another 
layer of sand was loaded into the box in the same manner as the first. 
The vibrator plate was turned 180° before being placed on the sand for 
compaction of the second lift and each subsequent lift . Loading of 
the testing box was continued until the surface of the sand reached 
the level at which the bottom of a model anchor was to be located. 
For the tests in which the failure surface was to be observed, 
a half-anchor was placed at the center of the box with its flat 
edge against the plexiglass. After aligning the anchor shaft with the 
center vertical grid line, a strip of strap iron was placed over the 
free end of the anchor shaft to hold the anchor in position until the 
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correct depth of overburden sand had been loaded, Figure 15. Before 
each of the overburden lifts was placed, a thin ribbon of the dyed sand 
was poured against the plexiglass using the glass funnel. Sand was 
loaded and compacted in the testing box as before, making sure that 
the vibrator plate was turned before each application. 
For the full-anchor tests, the anchors were placed on the prepared 
foundation at the center of the box, plumbed, and then secured by the 
iron strap. It was necessary to move the vibrator motor just off center 
on the plate to accommodate the anchor shaft during compaction , 
Figure 16. Placement of the overburden sand proceeded then exactly as 
for the sand beneath the anchor. It was of course necessary to remove 
the iron strap temporarily during placement and removal of the vibrator 
plate. 
B. STATIC TESTS 
A series of half-anchor and full-anchor static tests was run for 
each of the 3.0-inch and 5.0-inch diameter anchors. The 3.0-inch 
diameter anchors were tes ted at depths of 9, 12, 15, 18, and 21 inches. 
The 5.0-inch diameter anchors were tested at depths of 5, 10, and 15 
inches. 
After loading of the testing box had been completed for a 
particular test, the box was rolled beneath the testing frame. To 
insure that no eccentric loads were applied to the anchor, the anchor 
shaft was centered on the loading cable by means of a plumb bob. The 
wheels of the dollie supporting the testing box were then chocked to 
prevent movement during testing. A load cell was connected to the 




Figure 13. The X-Y recorder was switched on and set to read zero load 
before displacements commenced . For the half-anchor tests, the 
single lens reflex camera was set upon its tripod and an initial picture 
was taken. The turnbuckle was then slowly twisted so as to deflect 
the anchors at an average rate of approximately 0.25 inches per minute. 
Loading of the anchors was continued until approximately 1.25 inches 
of displacement had occurred. Figure 17 shows a typical load- displace-
ment curve for a static full- anchor test. Pictures were taken during 
the half-anchor tests at points of peak loading and at the end of each 
test. At the end of each test, the sand was scooped out of the testing 
box with a bucket. No effort was made to prevent the black sand from 
being mixed in, since it represented a very small percentage of the 
total volume of sand. 
C. DYNAMIC TESTS 
The same series of half and full- anchor tests were run in the 
dynamic testing program as were run in the static resting program. 
This was done in order to compare dynamic and static uplift capacities 
and failure mechanisms. 
Preparation of the testing box, loading apparatus, and monitoring 
equipment for the dynamic tests was identical with the setup made for 
the static tests. However, some additional equipment was added for the 
dynamic testing. The high-speed strip chart recorder was connected to 
the load cell to enable a record to be made of uplift resistance 
versus time. Also , in addition to the single lens reflex camera, the 
movie camera was used to photograph movement of the sand during half-
anchor dynamic tests. The high-intensity lamps were r equired during the 
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All anchors were initially prestressed to approximately 50% of 
their ultimate static uplift resistance by twisting the turnbuckle 
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at the same rate as for the static tests. The cyclic loading machine 
was then switched on and allowed to make at least one complete revolu-
tion. A revolution of the cyclic loading machine produced a 1 . 25-
inch stroke of linear motion. The cyclic loader was then switched off 
as quickly as possible, since this study was concerned with only the 
initial dynamic stress application. Figure 18 illustrates a typical 
dynamic load-displacement curve for a full-anchor test. 
For the half-anchor tests, a still photograph and several frames 
of movie film were taken before any anchor displacement was begun. A 
second still picture was taken at the end of the prestressing phase 
of the tests, and movie filming was started and continued through the 
dynamic loading sequence. After the application of the dynamic load, 
the movie filming was halted, and a final still photograph was taken . 
The accelerometer was used in determining the inertial forces 
generated during the dynamic tests. Calibration of the accelerometer 
was accomplished by attaching it to a weight which was allowed to free-
fall, thereby attaining an acceleration of 1.0 g. The accelerometer 
was then attached to the loading cable and recordings were taken during 
several dynamic loadings of anchors at various relative depths. 
D. FILM-ANALYSIS TECHNIQUES 
The negatives of the 35 mm photography were enlarged to a 5 x 7-
inch format and printed on Kodalith Ortho Type 3 Film. On this film, 
light toned areas, such as the sand, appeared transparent. Dark toned 
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Figure 18. Typical Dynamic Test Results 
prints were overlayed and aligned exactly by using the grid lines. 
Using this technique, relative movement of the black bands of sand 
was easily and accurately discerned. Figures 19 and 20 are contact 
prints of transparency overlays of representative shallow and deep 
anchor static failure surface profiles respectively. 
48 
It was concluded that the rapid sand displacement recorded on the 
movie film during the dynamic tests was best analyzed while in motion. 
Therefore, the multi-speed projector was utilized to examine the movie 
film, rather than the print-overlay technique used for the static tests. 
Careful individual scrutiny was made of points along the black bands 
of sand for each test, while the film was run at different speeds. 
Individual frame, and film speeds of 1/4, 1/2 and actual time-rate were 
utilized. Figure 21 is a set of before and after prints of movie 
frames which show the development of a dynamic failure surface profile 
for a typical shallow anchor test. Figure 22 shows a similar set for 
a deep anchor test. 
Failure surface profiles were plotted for deep and shallow anchors 
in both the static and dynamic failure modes from the information 
recorded using the above described print-overlay technique and motion 
study method. 

Figure 20. Contact Print Overlay of Deep 
Static Failure Surface 
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Figure 21. Before and After Prints of Sbal1ow Dynaaic Failure Surface 
Figure 22. Before and After Prints of Deep Dynaaic P'ai.lure Surface 
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V. EXPERIMENTAL RESULTS AND DISCUSSION 
A. MODELING EFFECTS 
In any investigation where small- scale models are used to simulate 
the behavior of full- scale prototypes, attention must be given to the 
physical characteristics of the model and the test medium to insure 
valid correlation of the results. It was not the intent of this in-
vestigation to perform a dimensional analysis and test the various 
parameters, but rather to draw upon the research of earlier investiga-
tors and utilize their findings in the preparation of a testing 
program. 
As Sams (22) has pointed out; when modeling a soil mechanics 
problem, it is extremely difficult to set to scale all of the compon-
ents. For example, if soil particle size were scaled, its properties 
would be materially altered. Therefore it is important that model 
geometry be selected so that it interacts with the soil in a manner 
that is representative of a full-scale system. Saeedy (21) found 
that test results can be adversely affected by a model anchor's 
diameter if it is too small in relation to the grain size of the 
soil in which it is tested. For a medium sand he determined that 
anchors should have a diameter, D: 3.0 inches . Accordingly the 
tests in this study were conducted using 3.0 and 5.0-inch diameter 
anchors. 
Another parameter that could have an effect on model test results 
is the thickness of the anchor plate. Baker and Kondner (3) suggested 
that the ratio of anchor diameter to thickness be greater than 1.0. 
Anchors with a ratio less than 1.0 were found to behave like friction 
piles due to the shearing resistance developed on the peripheral 
surface area of the anchor plate. This phenomenon was not a problem 
in the current investigation since the ratio of anchor diameter to 
thickness was many times greater than 1.0. 
Sams (22) investigated the effect that anchor shaft diameter has 
on uplift resistance . He concluded that the diameter of the shaft 
has little influence on the pullout capacity of shallow anchors , 
even when the diameter of the shaft is greater than 90% of the 
diameter of the anchor base. He suggested that the reason for this 
is that during shallow anchor pullout the sand above the anchor plate 
moves upward with the shaft and little , if any, frictional resistance 
is developed. Although he did not investigate the effect of shaft 
diameter on deep anchor behavior, he expressed the belief that 
increasing shaft diameter would have a pronounced effect on pullout 
resistance. He reasoned that since for deep anchor behavior not 
all of the soil above the anchor moves upward with the anchor there 
would be frictional resistance developed along the shaft. To 
minimize the influence of shaft resistance in this study, the 
diameter of the shaft was made less than 10% of the diameter of the 
smallest anchor. 
Matsuo (19), and Das and Seeley (7) have shown that anchor plates 
with equal areas but different shapes yield different pullout 
capacities. They demonstrated that square anchors have about 10% 
greater pullout capacity than circular anchors of equal area. 
:MacDonald (17), on the other hand, found that bulbous anchors had 
lpullout capacities equal to flat circular anchors of equal diameter. 
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This would indicate that the behavior of underreamed footings can be 
modeled by flat anchors. 
In addition to geometry, anchor composition has also been 
investigated . Hueckel (13) showed with model t ests, performed using 
anchors of different surface roughness, that neither composition nor 
texture had any significant influence on pullout capacity. MacDonald 
(17) arrived at the same conclusion concerning shaft roughness after 
similar experimentation. 
It is also recognized that boundary conditions can have an 
appreciable effect on anchor performance by limiting the full and 
unimpeded development of the failure surface. Previous researchers 
using model studies have varied widely in their selection of anchor-
boundary spacing. Balla (4) tested shall ow anchors to within 1. 0 
anchor diameter of the sides of his testing container . Whereas 
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Baker and Kondner (3) teste~ deep anchors at greater than 6.0 diameters 
spacing. In the current investigation, shallow anchors were tested 
at a minimum spacing of 2. 0 anchor diameters and deep anchors at not 
less than 3. 0 diameters . A teflon coating was sprayed over the inside 
surfaces of the testing box to reduce any friction occurring between 
sand grains and the sides of the box. At no time during the semi-
spatial testing was an anchor's failure surface observed to approach 
closer than about 4.0 inches to the sides of the testing container. 
It is not known, however, what effect contact between the flat edge 
of the half- anchors and the plexiglass window had on the development 
of their failure surfaces, and whether or not the failure surfaces 
that developed are ent irely representative of full-anchor behavior. 
B. COMPACTION TECHNIQUE 
Because the semi- spatial tests required uniform layer placement 
of the sand, and since a dense soil was desired, it was decided to 
use a vibrational compaction method. The placement and compaction 
of the sand in one- inch lifts was done for two reasons. First, it 
provided a suitable interval for the placement of the marker layers 
of black sand. Secondly , it was observed that disturbance of the 
sand during vibrational compaction occurred to a depth of approxi-
mately one inch. Thus the risk that each succeeding layer of sand 
that was placed would act as a surcharge for the sand below it was 
essentially eliminated. Insulating the edges of the vibrator plate 
also helped to insure vertical uniform density by preventing 
vibrations from being carried down the sides of the testing box to 
the sand below. Vertical uniformity was checked by computing the 
density at regular intervals from depth and weight measurements of 
the entire box. 
Due to the nature of the vibrator equipment, i.e., the fact that 
vibrations originated from a point source on the vibrator plate, it 
is recognized that horizontal uniform density is questionable . 
However, this was minimized by keeping the vibrator motor in the same 
proximity to the anchor during all phases of testing. 
C. DYNAMIC LOADING RATE 
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It is reasonable to expect that the most critical loading condition 
to which an earth anchor will be subjected will occur over a relatively 
short or even instantaneous period of time. Situations which are 
indicative of this type of loading behavior include: winds gusting 
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against anchored transmission towers and mobile homes, ships or waves 
striking moorings, and yarding into hangups during a skyline logging 
operation. The mechanism for loading anchors in the present investi-
gation was designed to simulate this dynamic impact type of loading. 
According to Lambe and Whitman (16), the rate of loading at 
which a problem becomes dynamic is dependent on the mass of soil 
involved. The initial load impulse in this study occurred in 0.33 
seconds, or at a rate of 3.0 cycles per second. As measured with the 
PCB Piezotronics accelerometer this produced an average acceleration 
of the soil above the anchor of approximately 0.2 g. Using the same 
equipment setups as in the present study, Hillhouse (12) found this 
rate to be sufficient to generate inertial forces in the sand mass, 
and at the same time to be compa tible with the testing apparatus. 
D. PRESTRESSING OF ANCHORS 
Prior to the application of dynamic loads, anchors were 
statically prestressed to approximately 50% of their ultimate 
static uplift resistance. This was done in order to simulate the 
common field practice of placing an initial static tensile force on 
a buried anchor prior to its acceptance of its design load. This 
has proven to be an effective method of increasing the ultimate 
pullout capacity of earth anchors . Hanna, et al (11) and Hanna and 
Carr (10) have demonstrated this effect through model testing. They 
showed that the stress history of the soil was primarily responsible 
for the increase in load carrying capacity, i.e., prestressing the 
soil overconsolidated it, altering the stress system acting on the 
potential planes of shear in the soil mass . 
Hillhouse (12) investigated the effect of st r ess his t ory on 
dynamic pullout capacity. He found that the largest dynamic load 
resisted by an anchor occurred when the lar gest initial static load 
had been applied. Furt her , he found that pullout capacity of an 
anchor in sand increases with repeated dynamic loading . 
E. FAILURE SURFACE PROFILES 
The plots made of the failure surface profiles were overlayed 
and analyzed . Comparison of the dynamic and static test profiles 
revealed no discernible difference between the methods of loading 
over the full range of test depths and anchor diameters . 
As noted by previous investigator s , Adams and Hayes (1), Baker 
and Kondner (3), Mariupol- skii (18) and Saeedy (21), there appears 
to be a differ ence in anchor failure behavior which is dependent on 
relative depth , H/D . This was reaffirmed in the current investiga-
tion, with the difference occurring at H/D = 5 . The mer idian section 
of anchors at relative depths, H/D ~ 5 , was characterized by a shallow 
arc extending from the edge of the anchor base to the surface of tile 
sand , as shown schematically in Figure 23. The slip surface of deep 
anchors , H/D > 5 , was considerable less pronounced, but also appeared 
to progress upwards in a shallow arc from the edge of the anchor 
to a height of approximately 2 to 3 base diameters . Above this, while 
the failure surface was quite indistinct, it appeared to extend 
vertically to the surface of the sand, as in Figure 24 . 
The curved portion of the failure surfaces was found to be more 
nearly parabolic , as Mariupol- skii (18) and Meyerhof and Adams (20) 
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Figure 24. Typical Failure Surface Profile for a Deep Anchor 
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approximation of the failure surface was made by drawing a line of 
best fit through points along the curved surface. The resulting 
geometry was that of a truncated cone. This semi- empirical approxima-
tion was used by Downs and Chieurzzi (8) , Meyerhof and Adams (20), 
and MacDonald (17), among others . 
For the shallow anchors, the measured apex angle of the truncated 
cone varied from 36° to 48° with an average value of 41.2° . This 
compares closely with the effective friction angle of the sand(~= 41°) , 
Because of the lack of clarity in the outlines of the failure surfaces 
of the deep anchors, apex angle measurements were not considered 
reliable. In general it must be said however , that the angles appeared 
to be some 50% greater than for the shallow anchors. Thus, there may 
well be a second distinction between shallow and deep anchor failure 
behavior. 
For purposes of analysis , the apex angle of the failure cone for 
shallow anchors was chosen to equal the friction angle of the sand. 
This agrees with the geometry proposed by Meyerhof and Adams (20) 
and MacDonald (17). Because of insufficient test data collected for 
deep anchors and because the shape of the failure surface was not 
firmly resolved, further discussion and analysis will be limited to 
shallow anchors, H/D ~ 5. It should be recognized that in most 
practical field applications, earth- anchors are installed at shallow 
relative depths . 
F. STATIC TEST RESULTS 
Although the primary concern of this investigation was the behavior 
of earth anchors subjected to dynamic loading, static testing was also 
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performed since ultimately a comparison of the mechanisms of failure 
for each loading condition was desired. In addition, it was necessary 
to test the anchors statically first so that a proportional prestress 
load could be applied to the anchors prior to dynamic loading. 
The experimental results obtained in both the full and half-anchor 
static tests are presented in Table I. Load and displacement measure-
ments were taken during the half-anchor tests in order to correlate 
the data with that from the full-anchor tests and to show that half-
anchor behavior was representative of full-anchor behavior in spite 
of boundary effects. 
It should be noted that the uplift capacity of the half-anchors 
was greater than half the capacity of similar full-anchors. This 
apparent discrepancy can be attributed to the frictional resistance 
generated by movement of the sand within the failure zone against the 
plexiglass window during loading. 
A typical load-displacement curve from a static test is shown 
in Figure 17. Because of the "stick-slip" behavior exhibited in these 
plots, the peak static load was defined as either the greatest load 
resisted by the anchor or the largest load resisted such that any 
immediate load decrease was less than 5% of that load. This behavior 
was probably caused by the sand repeatedly moving into a denser arrange-
ment and then suddenly yielding under the stored strain energy as the 
anchor moved upwards. It is suspected that a slower anchor deflection 
rate would have reduced this phenomenon by allowing a more uniform 
dissipation of strain energy. 
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Table I. Static Full and Half-anchor Test Results 
Depth Diameter Peak Deflection Static Load at Peak Test No. H D H/D Qs Static Load 
(in.) (in.) (1bs.) (in.) 
SFS-5 5 5 1.0 20 0.02 
SFS-10 10 5 2 .. 0 85 0.06 
SFS-lSa 15 5 3.0 237 0.12 
SFS-15b 15 5 3.0 227 0.13 
SF3-9 9 3 3.0 58 0.05 
SF3-12a 12 3 4.0 103 0.10 
SF3-12b 12 3 4.0 111 0.10 
SF3-12c 12 3 4.0 109 0.09 
SF3-15 15 3 5.0 203 0.14 
SF3-18 18 3 6.0 330 0.21 
SF3-21 21 3 7.0 534 0.35 
SH5-5 5 5 1.0 10 0.04 
SHS-lOa 10 5 2.0 47 0.17 
SHS-lOb 10 5 2.0 41 0.17 
SH5-15 15 5 3.0 150 0.35 
SH3-9a 9 3 3.0 29 0.17 
SH3-9b 9 3 3.0 35 0.18 
SH3-12 12 3 4.0 82 0.34 
SH3-15 15 3 5.0 128 0.33 
SH3-18 18 3 6.0 167 0.33 
SH3-2la 21 3 7.0 181 0.38 
SH3-2lb 21 3 7.0 175 0.35 
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A graphical comparison is made between the results of static tests 
from this study and those from several earlier investigations in 
Figure 25. The static pullout capacities of 3.0-inch diameter anchors 
in dense sand obtained by Esquivel-Diaz (9) compare well with those 
obtained in this investigation. While the results presented by 
Hillhouse (12) and Saeedy (21) compare closely with one another but are 
significantly lower. This difference between the two groups of data 
can be attributed to the stress history of the sand. Although sand 
densities were nearly the same in all four studies, the methods 
used in arriving at those densities were dissimilar. In the current 
investigation and that of Esquivel-Diaz, a weighted vibrating plate 
was used to densify the sand. While Hillhouse and Saeedy achieved 
dense arrangements by pouring or "raining" the sand into place. 
The former technique caused the sand to become overconsolidated, 
and thus to behave differently from the normally consolidated sand 
placed in the latter fashion. The significance of this difference 
will be elaborated on later. 
G. DYNAMIC TEST RESULTS 
Prior to the application of a dynamic load, anchors were statically 
loaded to 50% of their peak static uplift resistance recorded at the 
same depth of embedment. Immediately upon reaching that load, a 
dynamic pulse was delivered to the anchors. The results of the 
dynamic full-anchor testing program are shown in Table II. Half-
anchor tests were again monitored in order to show that their dynamic 
failure behavior was representative of that of the full-anchors. The 
results from those tests are shown in Table III. As with the static 
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Figure 25. Comparison of Static Test R~suJts 
Table II. Dynamic Full-anchor Test Results 
Depth Diameter Static Deflection Peak Deflection Time to 
Test No. H D H/D 
Prestress at Prestress Dynamic at Peak Peak Dynamic 
Load Load Load Qd Dynamic Load Load 
(in.) (in,) (lbs .. ) (in.) (lbs .. ) (in,) (sec.) 
DF5-5a 5 5 1.0 10 0.00 28 0 .. 08 0.12 
DF5-5b 5 5 1 .. 0 10 o.oo 27 0 .. 08 0 .. 12 
DF5-10a 10 5 2.0 43 0.00 106 0.10 0.15 
DF5-10b 10 5 2.0 43 0.01 103 0.12 0.16 
DF5-15a 15 5 3.0 116 0.02 270 0.22 0.20 
DF5-15b 15 5 3 .. 0 116 0.01 256 0 .. 21 0.20 
DF3-9a 9 3 3 .. 0 29 0.01 58 0.10 0.12 
DF3-9b 9 3 3 .. 0 29 0.01 56 0.11 0.12 
DF3-12a 12 3 4.0 54 0.01 124 0.13 0 .. 16 
DF3-12b 12 3 4.0 54 0.02 113 0.18 0.18 
DF3-15a 15 3 5.0 102 0.01 236 0.23 0.20 
DF3-15b 15 3 5.0 102 0.02 228 0.24 0.20 
DF3-18a 18 3 6.0 165 0.02 380 0.30 0.28 
DF3-18b 18 3 6.0 165 0.01 378 0.33 0.28 
DF3-21 21 3 7.0 267 0.02 538 0.32 0.30 
Table III. Dynamic Half-anchor Test Results 
Depth Diameter Static Deflection Peak Deflection Time to Prestress at Prestress Dynamic at Peak Peak Dynamic Test No. H D H/D Load Load Load Qd Dynamic Load Load (in.) (in.) (lbs.) (in.) (lbs .. ) (in.) (sec.) 
DH5-5 5 5 1.0 5 0.00 16 0.10 0 .. 14 
DH5-10a 10 5 2 .. 0 23 0 .. 02 70 0.20 0.20 
DH5-10b 10 5 2.0 23 0 .. 02 68 0.19 ? 
DH5-15a 15 5 3.0 75 0 .. 06 185 0.37 0.20 
DH5-15b 15 5 3.0 75 0.07 180 0.49 0.20 
DH3-9a 9 3 3 .. 0 14 0 .. 02 42 0.20 0 .. 16 
DH3-9b 9 3 3.0 14 0.02 37 0.24 0.16 
DH3-12a 12 3 4.0 40 0.05 88 0.36 0.20 
DH3-12b 12 3 4.0 40 0.04 95 0.30 0.18 
DH3-15a 15 3 5.0 64 0.08 156 0.58 0.20 
DH3-15b 15 3 5.0 64 0,.08 154 0.58 0 .. 21 
DH3-18a 18 3 6 .. 0 84 0.08 230 0.55 0.24 
DH3-18b 18 3 6.0 84 0.11 207 0.63 0.24 
DH3-21 21 3 7 .. 0 89 0.08 262 0.50 0 .. 26 
68 
tests, frictional resistance developed by movement of the sand within 
the failure zone against the plexiglass caused the uplift capacity of 
the half-anchors to be greater than half the capacity of similar 
full-anchors. 
The load-displacement curve from a typical dynamic test is shown 
in Figure 18. An anchor was considered to have reached its peak 
dynamic load when continued deflection produced no accompanying increase 
in load. 
In Figure 26, the maximum dynamic uplif t capacities versus 
relative depth ratios from this study are plotted and compared with 
those from the only dynamic model study on anchors that was found 
in the literature, i.e . , the work by Hillhouse (12). As was the case 
for the static tests the variance between the two sets of results is 
due to the difference in the stress histories of the sands, and will 
be discussed in the next section. 
600 ~------------------------------------~ 
~ 






3.011 DIA. ANCHORS 
-·-VEESAERT 
-o-HILLHOUSE 







0 2 3 4 5 6 7 8 
RELATIVE DEPTH, .g. 
Figure 26. Comparison of Dynamic Test Results 
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VI . THEORETICAL RELATIONSHIPS 
A. SEMI-EMPIRICAL RELATIONSHIP FOR STATIC UPLIFT RESISTANCE 
The uplift resistance of an earth- anchor subjected to a static 
load is comprised of three basic components: 1) the dead weight of 
the anchor, 2) the weight of sand within the failure zone, and 
3) the shearing resistance of the sand along the failure surface . 
These forces are shown acting on the previously described semi-
empirical soil-anchor system in Figure 27. 
In calculating the shearing resistance, the normal stress 
acting on the surface of the cone was assumed to be a linear 
function of depth, i.e., the lateral earth pressure coefficient 
was assumed to be constant with depth. Equation 12 , is an 
expression for the vertical component of the shearing resistance, 
derived by applying the normal stress at some depth to the surface 
area of an incremental circular ring at that depth, as in Figure 27. 
2 H 
T = rryk tan¢ cos (¢/2) f [Dh + 2Hh tan(¢/2) 
v 0 0 
2 
- 2h tan(¢/2)] dh 
where 
T = vertical component of the shearing resistance 
v 
y = soil density 
¢ = friction angle of sand 
D = anchor diameter 
h = depth 
H = depth of anchor 








When Equation 12 is integrated, the limits applied, and the 
weight of the anchor and the soil within the failure zone added, the 
following expression for the ultimate static anchor uplift resistance 
results: 
2 3 
Q = ~k tan¢ cos2(~/2)[DH + H (tan(¢/2)] s .. , 0 ~ 2 3 





= ultimate static anchor uplift resistance 
W = anchor weight 
a 
V = volume of soil within failure zone 
s 
(13) 
As mentioned previously, the half-anchors showed uplift capacities 
greater than half that of similar full-anchors because of the contact 
of the sand within the failure zone against the plexiglass. This 
contact resulted in frictional drag as the anchors moved upward and 
thus added to the uplift resistance. This additional capacity was 
accounted for theoretically by integrating, over the depth of embed-
ment, the lateral force of the sand at some depth of an incremental 
area of the failure zone, and multiplying by the tangent of the angle 
of skin friction between sand and plexiglass. 
B. SEMI-EMPIRICAL RELATIONSHIP FOR DYNAMIC UPLIFT RESISTANCE 
As can be seen from a comparison of the results presented in 
Tables I, II and III, anchor uplift resistance in dynamic loading is 
greater than in static loading for a given anchor diameter and depth 
of embedment. Since it has been shown that the mass of soil within 
the failure zone for both static and dynamic loadings is the same, 
it is evident that other forces must account for the disparity in 
uplift resistance between the two failure modes. 
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In addition to the force required to keep a body in uniform 
motion, whenever a body or mass is accelerated, sufficient force must 
be exerted to overcome the inertia, which mass has to acceleration. 
For dynamic loading then, an inertial factor must be added to the 
expression for static uplift capacity to reflect this additional 
resistance. 
Investigations have been reported in the literature which evaluat 
the effects on shearing resistance of cohesionless soils loaded to 
failure by a single application of dynamic load. Casagrande and 
Shannon (6) reported the results of dynamic triaxial tests on dry sand 
in which they found an increase in the ultimate shearing strength 
of 10 to 15% over statically loaded samples. Performing similar tests 
on saturated sand, Seed and Lundgren (23) reported strength increases 
of 15% to 20%, although they attributed some of this strength gain to 
dilatency effects and lack of drainage. Thus, the influence of 
dynamic loading on shear resistance must also be incorporated into 
the expression for dynamic uplift resistance. 
In this study, the additional uplift resistance exhibited by 
the dynamically loaded anchors was ascribed to: 1) the inertial 
force generated by the upward acceleration of the combined mass of 
the anchor and the sand within the failure zone, and 2) an increase 
in the shearing resistance of the sand along the failure surface due 
to the accelerated strain rate. Consequently, an expression for the 
ultimate dynamic anchor uplift resistance was derived by modifying 
Equation 13 as follows: 
2 3 
Q = nyk tan¢ cos2 (¢/2)[DH + H tan(¢/2)] d o 2 3 Df 
+W +yv +Wa+yVa 
a s a s 
where 
Qd = ultimate dynrunic anchor uplift resistance 
Df = dynamic strain rate factor (1.10 to 1.20) 
a = acceleration of anchor and sand in units of g 
(g = 32.2 ft/sec2) 
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(14) 
In Equation 14 the force of inertia is represented by the products 
of the mass of the anchor and the sand within the failure zone, times 
the acceleration_ Increased shear resistance for dynamic loading is 
accounted for by multiplying the expression for static shear strength 
by the dynamic strain rate factor (Df) _ 
For the dynamic half-anchor theoretical relationship, the 
resistance generated by the sand within the failure zone moving 
against the plexiglass was the same as that for the static half-anchor 
theory. No increase in this frictional resistance resulted from the 
accelerated strain rate. 
C. COMPARISON OF EXPERIMENTAL AND THEORETICAL RESULTS 
In order to establish the validity of the theoretical expressions 
for anchor pullout capacity developed in this study, comparison were 
made between measured and predicted results from a number of investiga-
tions, including the present work. Tables IV and V show these compari-
sons for static loading for model and large-scale studies respectively. 
Predicted and measured dynamic test results from this and the model 
study by Hillhouse (12) are compared in Table VI. In computing the 
Table IV. Comparison of Measured and Predicted Static Test 
Results for Model Studies 
Depth Diameter Measured Predicted Ratio of 
Investi- Sand ¢ H D Static Static Measured to Placement k H/D Capacity Capacity gator(s) Method 0 (deg.) (in.) (in.) Qs Qs (Eq. 13) Predicted 
(lbs.) (lbs .) Load 
Baker & "Raining" o. 70 42 3.00 3.00 1 .. 0 5.5 4.8 1.15 
Kondner Technique 6.00 3.00 2.0 17.9 19.8 0 .. 90 
9.00 3.00 3.0 49.3 50.2 0.98 
12.00 3.00 4.0 95.3 101 .. 1 0.94 
15.00 3.00 5.0 167.6 177.5 0.94 
Hillhouse "Raining" 0.70 41 13.00 5.00 2.6 95.0 96.6 0.98 
Technique 17.00 5.00 3.4 145.0 17 5.7 0 .. 83 
21.00 5.00 4.2 262.5 287.8 0.91 
13.00 3.00 4.3 77.5 67 .o 1.16 
Saeedy Poured 0 .. 70 34 6.00 3.00 2.0 12.6 13.2 0.95 
9.00 3.00 3.0 34.7 32.2 1.07 
12.00 3.00 4.0 62 .. 0 59.8 1.03 
15.00 3.00 5 .. 0 94.3 100.2 0 .. 94 
Adams & Uniform 1.00 34 2.00 4.52 0.4 3.8 3.9 0 .. 98 
Hayes Dense 4.00 4 .. 52 0.9 12.0 12.0 1.00 
Sand 6.00 4.52 1.3 25.0 25.2 0.99 
8.00 4.52 1 .. 8 46 .. 0 44.5 1.03 
10.00 4.52 2.2 75.0 70.8 1.06 
Table IV .. Comparison of Measured and Predicted Static Test 
Results for Model Studies (Continued) 
Depth Diameter Measured Predicted Ratio of Sand ¢ Static Static Investi- Placement k H D H/D Capacity Capacity Measured to gator(s) Method 0 (deg.) (in.) (in.) Qs Qs (Eq. 13) Predicted 
(lbs.) (lbs.) Load 
Veesaert Vibrated 1.00 41 5.00 5.00 1 .. 0 20.0 23.1 0.87 
in Layers 10.00 5.00 2.0 85.0 94.1 0.90 
15.00 5.00 3.0 232.0 236.5 0.98 
9.00 3.00 3.0 58.0 50.5 1.15 
12.00 3.00 4.0 107 .. 0 99 .. 8 1.07 
15.00 3 .. 00 5.0 203.0 172.7 1.17 
Balla Compacted 1.10 37 5.91 3.55 1.7 23.1 22 .. 6 1.02 
in Layers 7.88 4.72 1.7 49.5 51.3 0.96 
7.88 3.55 2.2 42.8 39.9 1,07 
9.85 3.55 2.8 69.3 65.3 1.06 
11.80 3.55 3.3 89.0 98.7 0.90 
Esquivel- Vibrated 1 .. 50 43 4.50 3.00 1.5 13.6 13 .. 5 1.01 
Diaz in Layers 9.00 3.00 3.0 62.0 63 .. 9 0.97 
13.50 3.00 4.5 171.5 171.0 1.00 
Table V. Comparison of Measured and Predicted Static Test 
Results for Large-scale Field Tests 
Depth Diameter Measured Predicted Depositional ~ Static Static Ratio of Investi- Character- k H D H/D Capacity Capacity Measured to gator(s) is tics 0 (deg . ) (in.) (in.) Qs Qs (Eq. 13) Predicted 
(lbs . ) (lbs.) Load 
Suther- Deposited 0.80 42 8.oo 7 .83 1.0 90~000 91,840 0.98 
land by 15.00 7.83 1.9 352,000 323,400 1.09 
Sedimentation 17.00 7.83 2 . 2 500,000 423 ,710 1.18 
23.00 7.83 2.9 900,000 835,010 1.08 
Brown- Unknown 0.80 36 4.76 6.23 0.8 45,760 45,260 1.01 
Boweri 4.93 6.23 0.8 45,540 47 ,980 0.95 
(Balla) 
Fielitz Unknown 0.60 30 8.20 4.60 1.8 51,480 52,290 0.98 
(Balla) 8 . 20 3 . 61 1.9 42,900 42,200 1.02 
8.86 4.27 2.5 53,900 46,740 1.15 
Table VI. Comparison of Measured and Predicted Dynamic 
Test Results for Model Studies 
Depth Diameter Measured Predicted Ratio of Sand <P Dynamic Dynamic Investi- Placement k H D H/D Capacity Capacity Measured to gator(s) Method 0 (deg.) (in.) (in.) Qd Qd (Eq. 14) Predicted 
(lbs.) (lbs.) Load 
Hillhouse "Raining" 0. 70 41 13.00 5.00 2.6 122.0 114.5 1.07 
Technique 17.00 5.00 3.4 189.0 208.0 0.91 
21.00 5.00 4.2 256.0 340.3 0.75 
13.00 3.00 4.3 92.0 79.2 1.16 
17.00 3.00 5.6 153.0 152.5 1.00 
Veesaert Vibrated 1.00 41 5.00 5.00 1.0 27.5 27.1 1.01 
in Layers 10.00 5.00 2.0 104.5 110.2 0.95 
15.00 5.00 3.0 263.0 273.0 0.96 
9.00 3.00 3.0 57.0 59.0 0.97 
12.00 3.00 4.0 118.5 116.6 1.02 
15.00 3.00 5.0 232.0 201.6 1.15 
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theoretical results in each case, anchor weight was seen to be 
negligible, and therefore not included in the computations. This 
simplification would be valid in general practice, except for unusually 
massive anchors such as underream type footings with large shaft 
diameters. 
Of the several parameters other than geometry affecting anchor 
pullout capacity in sand, the factor which varied most widely among 
the studies examined in this investigation was sand stress history, 
i.e., the method of placing the sand prior to loading. According to 
Hanna and Carr (10), a large part of the scatter between theoretical 
and experimental test results previously reported by researchers may 
be related to the inability to describe a soil with respect to stress 
history. From the results of an investigation into loading behavior, 
Hanna and Carr concluded that the pullout capacity of an anchor in sand 
is not unique and dependent on density or relative density, but 
rather on the initial stress system present in the sand mass. 
In arriving at theoretical anchor capacities for this study and the 
others that were examined, the variability in stress histories was 
accounted for by leaving the coefficient of lateral earth pressure, k , 
0 
as an unknown and solving for it by a trial-and-error procedure using 
measured results. The value of k which best fit the experimental 
0 
results in each study was then used to recompute the theoretical anchor 
capacities. 
The values of the lateral earth pressure coefficient giving the 
best results are shown in Tables IV, V, and VI. In general, the lower 
values of k (k < 1.0) correspond with sand placement methodE: such as 
0 0 
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pouring, "raining", or natural sedimentation. These methods leave 
the sand in a normally consolidated state, where the stresses in 
existence at the beginning of a test are as high as they ever have 
been. The higher values of k (k > 1.0) relate to compactive methods 
0 0 -
of placement such as vibration, which overconsolidate the sand. 
Overconsolidation locks in stresses which are greater than those which 
exist due to the overburden pressures present at the start of a test, 
and which must be overcome in order to shear the sand. According to 
Lambe and Whitman (16), k values for overconsolidated soils can be 
0 
as high as 3.0, while normally consolidated soils can have k values 
0 
as low as 0.4. The k values derived in this study are well within 
0 
this range. 
For the dynamic tests the acceleration of the anchor and sand 
within the failure zone was found to be 0.2 g, and this value was used 
in computing the inertial terms. Referring to the results previously 
reported' from references (6) and (23), an average value of 1.15 
was chosen for the dynamic strain rate factor, Df, which modifies 
the shearing strength of the sand to account for an accelerated strain 
rate. 
Theoretical and experimental results from both the static and 
dynamic half-anchor tests performed in this investigation are compared 
in Tables VII and VIII respectively. In computing the theoretical 
results, the friction angle between the sand within the failure zone 
and the plexiglass was estimated to be 30°. Experimental and theoreti-
cal results are sufficiently close to expect that half-anchor behavior 
is representative of full-anchor behavior in failure surface develop-
ment. 
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Table VII. Comparison of Measured and Predicted 
Static Half-anchor Test Results 
Depth Diameter Measured Predicted Ratio of Static Static H D H/D Capacity Capacity Measured to 
(in.) (in.) Qs Qs Predicted 
(1bs .) (lbs.) Load 
5.0 5.0 1.0 10.0 14.4 0.69 
10.0 5.0 2.0 44.0 60.4 0. 73 
15.0 5.0 3.0 150.0 153.2 0.98 
9.0 3.0 3.0 32.0 32.8 0.97 
12.0 3.0 4.0 82 .. 0 65.2 1.26 
15.0 3,0 5 .. 0 128.0 113.3 1.13 
Table VIII, Comparison of Measured and Predicted 
Dynamic Half-anchor Test Results 
Depth Diameter Measured Predicted Ratio of Dynamic Dynamic H D H/D Capacity Capacity Measured to 
(in.) (in.) Qd Qd Predicted 
(1bs.) (1bs.) Load 
5.0 5.0 1.0 16.0 16.8 0.95 
10.0 5.0 2.0 69.0 70.4 0 .. 98 
15.0 5.0 3 .. 0 182.5 176.6 1.03 
9.0 3.0 3.0 39.5 38.1 1.04 
12.0 3.0 4.0 91.5 75.9 1.20 
15 .. 0 3.0 5.0 155.0 131.7 1.18 
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The ratios of measured to predicted loads given in Tables IV, V, 
and VI demonstrate the reliability of the equations developed in this 
study for evaluating both the static and dynamic uplift capacity 
of shallow anchors- For the most part, the variance between experi-
mental and theoretical results was less than 10%. It is recognized, 
however, that successful application of the equations presented herein 
is contingent upon accurate determination of lateral earth pressure 
coefficients. These could possibly be determined through the use of 
on-site full-scale anchor pullout tests, similar to pile load tests. 
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VII. CONCLUSIONS 
From a review of the experimental results and the subsequent 
discussion and analyses presented in this investigation, the following 
conclusions are made: 
1) There is no discernible difference in the shape of the failure 
surface developed in dense uniform sand under static and dynamic 
loading conditions. Hence, for a given anchor diameter and embedment 
depth, the volume of sand which moves upward with an anchor is the 
same for both failure modes. 
2) In a dense uniform sand a change in failure surface configura-
tion, which distinguishes shallow from deep anchor behavior, occurs 
at a relative depth, H/D ; 5. This difference in failure surface 
development holds true for both static and dynamic loading conditions. 
3) The failure surface for shallow anchors in dense uniform sand 
can be approximated by a truncated cone extending upward from the 
edge of the anchor to the surface of the sand. The apex angle of the 
truncated cone can be assumed to approximately equal the friction angle 
of the sand. 
4) Although the failure surface for deep anchors was not clearly 
defined, it is thought to extend above the anchor as a truncated cone 
to a height of two to three anchor diameters, and thereafter vertically 
to the surface of the sand. The apex angle of the cone could be as 
much as 50% greater than that for shallow anchors. 
5) The dynamic uplift resistance of anchors in dense uniform 
sand is greater than the static uplift resistance for a given anchor 
diameter and embedment depth. 
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6) The additional uplift capacity exhibited by anchors subjected 
to dynamic loads can be attributed to two factors: a) the inertial 
forces developed from acceleration of the anchor and the soil within 
the failure surface, and b) the increase in shear resistance along 
the failure surface due to rapid strain rates. 
7) A comparison of various researchers' laboratory and field 
data with the predicted results using Equation 13 and 14 has shown 
these semi-empirical expressions to be reliable in predicting static 
and dynamic anchor pullout capacity in dense sand. 
VIII. RECOMMENDATIONS FOR FURTHER RESEARCH 
So that a greater understanding can be had of the limitations 
and applicability of the conclusions drawn in this investigation, it 
is recommended that further research be pursued in the following 
areas: 
1) Investigate more fully the failure surface development of 
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deep anchors, H/D > 5. Then derive a method of estimating their static 
and dynamic uplift capacity; possibly by modifying Equations 13 and 14. 
2) Investigate failure surface development in loose and 
saturated sands, and in cohesive soils. 
3) Perform large-scale dynamic anchor testing and correlate the 
results with the model studies in this investigation to insure the 
validity of Equation 14 for predicting the dynamic uplift capacity of 
full-scale anchors. 
4) Examine soil stress history in relation to the lateral earth 
pressure coefficient in an attempt to arrive at a method of predicting 
k0 values when a soil's stress history is known. 
5) Determine if variations in prestress loads affect the dynamic 
uplift capacity of anchors as predicted by Equation 14. 
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